Musical training is associated with a myriad of neuroplastic changes in the brain, including more robust and efficient neural processing of clean and degraded speech signals at brainstem and cortical levels. These assumptions stem largely from cross-sectional studies between musicians and nonmusicians which cannot address whether training itself is sufficient to induce physiological changes or whether preexisting superiority in auditory function before training predisposes individuals to pursue musical interests and appear to have similar neuroplastic benefits as musicians. Here, we recorded neuroelectric brain activity to clear and noise-degraded speech sounds in individuals without formal music training but who differed in their receptive musical perceptual abilities as assessed objectively via the Profile of Music Perception Skills. We found that listeners with naturally more adept listening skills ("musical sleepers") had enhanced frequency-following responses to speech that were also more resilient to the detrimental effects of noise, consistent with the increased fidelity of speech encoding and speech-in-noise benefits observed previously in highly trained musicians. Further comparisons between these musical sleepers and actual trained musicians suggested that experience provides an additional boost to the neural encoding and perception of speech. Collectively, our findings suggest that the auditory neuroplasticity of music engagement likely involves a layering of both preexisting (nature) and experience-driven (nurture) factors in complex sound processing. In the absence of formal training, individuals with intrinsically proficient auditory systems can exhibit musician-like auditory function that can be further shaped in an experience-dependent manner.
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EEG | experience-dependent plasticity | auditory event-related brain potentials | frequency-following responses | nature vs. nurture I t is widely reported that musical training alters structural and functional properties of the human brain. Music-induced neuroplasticity has been observed at every level of the auditory system, arguably making musicians an ideal model to understand experience-dependent tuning of auditory system function (1) (2) (3) (4) . Most notably among their auditory-cognitive benefits, musicians are particularly advantaged in speech and language tasks including speech-in-noise (SIN) recognition (for a review see ref. 5) . This suggests that musicianship may increase listening capacities and aid the deciphering of speech not only in ideal acoustic conditions but also in difficult acoustic environments (e.g., noisy "cocktail party" scenarios).
Electrophysiological recordings have been useful in demonstrating music-related neuroplasticity at different levels of the auditory neuroaxis. In particular, frequency-following responses (FFRs), predominantly reflecting phase-locked activity from the brainstem (6, 7) and, under some circumstances, from the cortex (7, 8) , serve as a "neural fingerprint" of sound coding in the EEG (9) . The strength with which speech-evoked FFRs capture voice pitch (i.e., fundamental frequency; F0) and harmonic timbre cues of complex signals is causally related to listeners' perception of speech material (9) . Interestingly, FFRs are augmented and shorter in latency in musicians than in nonmusicians, particularly for noise-degraded speech (10) (11) (12) , providing a neural account of their enhanced SIN perception observed behaviorally. Similarly, event-related potentials (ERPs) and fMRI show differential speech activity in musicians at cortical levels of the nervous system (13) (14) (15) (16) . Collectively, an overwhelming number of studies have implied that musical training shapes auditory brain function at multiple stages of subcortical and cortical processing and, in turn, bolsters the perceptual organization of speech.
Problematically, innate differences in auditory system function could easily masquerade as plasticity in cross-sectional studies on auditory learning (17) and music-related plasticity (18) (19) (20) . This concern is reinforced by the fact that musical skills such as pitch and timing perception develop very early in infancy (i.e., 6 mo of age; ref. 21 ) and may even be linked to certain genetic markers (22) (23) (24) (25) . Unfortunately, the majority of studies linking musicianship to speech-language plasticity are cross-sectional and include only self-reports of musicians' experience (e.g., refs. 10, 14, and 18). It remains possible that certain individuals have naturally enriched auditory systems that predispose them to pursue musical interests (e.g., ref. 26). Consequently, widely reported musician advantages in auditory perceptual tasks may be due to intrinsic differences unrelated to formal training.
Current conceptions of musicality define it as an innate, natural, and spontaneous development of widely shared traits, constrained by our cognitive abilities and biology, that underlie the capacity for music (27) . While being "musical" no doubt encompasses more than simple hearing or perceptual abilities (e.g., instrumental production creativity), for this investigation we focus on the receptive aspects of musicality (i.e., auditory perceptual skills), following the long tradition of assessing formal music abilities through strictly perceptual measures (28) (29) (30) (31) (32) . Among the normal
Significance
Musicianship is widely reported to enhance auditory brain processing related to speech-language function. Such benefits could reflect true experience-dependent plasticity, as often assumed, or innate, preexisting differences in auditory system function (i.e., nurture vs. nature). By recording speech-evoked electroencephalograms, we show that individuals who are naturally more adept in listening tasks but possess no formal music training ("musical sleepers") have superior neural encoding of clear and noise-degraded speech, mirroring enhancements reported in trained musicians. Our findings provide clear evidence that certain individuals have musician-like auditory neurobiological function and temper assumptions that music-related neuroplasticity is solely experience-driven. These data reveal that formal music experience is neither necessary nor sufficient to enhance the brain's neural encoding and perception of sound.
population, "musical sleepers" (i.e., nonmusicians with a high level of receptive musicality) are identified as individuals having naturally superior auditory and music listening skills but who lack formal musical training (30) . In the nature-vs.-nurture debate of music and the brain, distinguishing between innate and experience-dependent effects is accomplished only through longitudinal training paradigms (which are costly and often impractical for assessing decades-long training effects) or utilizing objective measures of listening skills that can identify people with highly acute (i.e., musician-like) auditory abilities.
To this end, the aim of the present study was to determine if preexisting differences in auditory skills might account for at least some of the neural enhancements in speech processing as frequently reported in trained musicians. Our study was not intended to refute the possible connections between music training and enhanced linguistic brain function. Rather, we aimed to test the possibility that preexisting auditory skills might at least partially mediate neural enhancements in speech processing. Our design included neuroimaging (FFR and ERP) and behavioral measures to replicate the major experimental designs of previous work documenting neuroplasticity in speech and SIN processing among trained musicians. We hypothesized that musical sleepers would show enhanced neurophysiological encoding of normal and noise-degraded speech, consistent with widespread findings reported in trained musicians (10) . Our findings demonstrate a critical but underappreciated role of preexisting auditory skills in the neural encoding of speech and temper widespread assumptions that music-related neuroplasticity is solely experience-driven. We find that formal music experience is neither necessary nor sufficient to enhance the brain's neural encoding and perception of speech and other complex sounds.
Results
We measured speech-evoked auditory brain responses in young, normal-hearing listeners (n = 28) who had minimal (<3 y; average: 0.7 ± 0.8 y) formal musical training and would thus be classified as nonmusicians in prior studies on music-induced neuroplasticity (14, 18, 19) . Listeners were divided into low-and high-musicality groups based on an objective battery of musical listening abilities (Profile of Music Perception Skills; PROMS) (30) that included assessment of melody, tuning, accent, and tempo perception (Fig. 1 ). Groups were otherwise matched in age, socioeconomic status, education, handedness, and years of musical experience (all Ps > 0.05) (Materials and Methods). Since all participants reported limited to no general music ability, ability to read music, or ability to transcribe a simple melody by ear, no group differences emerged on these self-report measures. As expected based on our group split, highly skilled listeners exhibited better scores on the total and individual PROMS subtests than the low-musicality group (all Ps < 0.001). No group differences were observed on the QuickSIN test (33), a behavioral measure of SIN perception [t(26) = 1.27, P = 0.22].
We then tested whether musicality was associated with enhanced neural processing for clean and noise-degraded speech as reported in the FFRs of highly trained musicians (14, (18) (19) (20) . FFRs were recorded while participants passively listened to speech sounds, consistent with previous studies on musicians and speech plasticity (18, 19) . Amplitudes and onset latencies of the FFR were used to assess the overall magnitude and temporal precision of listeners' neural response to speech in the early auditory pathway (Fig. 2) . We found that FFR F0 amplitudes, reflecting voice "pitch" coding (10, 11) , showed a group × noise interaction [F(1,26) = 6.42, P = 0.018, d = 0.99] (Fig. 2E) . Tukey adjusted multiple comparisons showed that noise had a degradative effect (clean > noise) in low-musicality listeners. In stark contrast, speech FFRs in highly musical ears were invariant to noise (clean = noise), indicating superior speech encoding even in challenging acoustic conditions. Harmonic (i.e., H2-H5) amplitudes, reflecting the neural encoding of speech "timbre," similarly showed a group × noise interaction [F(1,26) = 7.90, P = 0.009, d = 1.10]. This effect was attributable to stronger encoding of speech harmonics in noise for the high-scoring PROMS group, whereas no noise-related changes were observed in the low-scoring PROMS group. FFR latency showed a main effect of group [F(1,25) = 6.47, P = 0.018, d = 0.98] where speech responses were earlier (i.e., faster precision) in high PROMS scorers across the board (Fig. 2F ). No group differences (or interactions) were observed for rms neural noise [F(1,25) = 0.05, P = 0.827, d = 0.09], an index reflecting the efficiency or quality in auditory neural processing (34, 35) . These results suggest the neural encoding of salient speech cues is enhanced in listeners with naturally more skilled listening capacities, paralleling the speech enhancements observed in highly trained musicians (10) .
Having established that individuals with musician-like auditory skills show superior neural encoding of speech, we next assessed the relation between brain activity and behavioral auditory abilities. We used generalized linear mixed effects (GLME) model regression to evaluate links between behavioral PROMS scores and neural FFR responses. We found that neural noise (34, 35) was a strong predictor of listeners' musicality [t(54) = −2.61, P = 0.012] (Fig. 2G) ; that is, greater "brain noise" was associated with lower PROMS performance indicative of poorer auditory perceptual skills. Links between total PROMS scores and FFR F0 amplitudes [t(54) = 1.61, P = 0.11] and latency [t(54) = 1.58, P = 0.12] were insignificant.
These initial analyses focused exclusively on listeners' total PROMS score, which taps multiple perceptual dimensions and thus may have masked relations between auditory brain responses and certain aspects of musical listening skills. To tease apart the domains of auditory processing most related to speech-FFR enhancements, we ran separate GLMEs between each of the PROMS subtest scores (i.e., melody, tuning, accent, and tempo) and neural measures (i.e., F0 amplitude, neural noise, latency). Higher tuning scores predicted larger . This dissociation in brain-behavior relationships suggests that spectral measures of the FFR (neural noise, F0 amplitude) are more associated with perceptual skills related to fine pitch discrimination (11, 36) , whereas neural latencies are more strongly associated with timing or rhythmic perception. Unlike FFRs, cortical ERPs to speech exhibited strong stimulusrelated effects of noise but did not show group differences in latency or amplitude (Fig. 3 ). An ANOVA showed a main effect of stimulus noise on peak negativity (N1)-peak positivity (P2) amplitudes [F(1,26) = 35.30, P < 0.0001, d = 2.33], with weaker responses to noise-degraded speech than to clean speech. There was no group difference in ERP magnitude [F(1,25) = 3.42, P = 0.0761, d = 0.73], nor was there a group × noise interaction [F(1,26) = 0.30, P = 0.587, d = 0.22]. Still, N1 and P2 waves showed the expected latency prolongation in noise (Ps < 0.0001) (SI Appendix, Fig. S1 ) (37, 38) . Finally, in contrast to FFRs, a GLME showed cortical N1-P2 amplitudes did not predict PROMS scores [t(54) = 1.39, P = 0.17]. These results indicate that while cortical responses showed an expected noise-related decrement in speech coding (38, 39) , they were not modulated by individuals' inherent listening abilities.
Brain-brain correlations further revealed that FFR F0 amplitudes were correlated with ERP P1 amplitudes [r = 0.51, P = 0.006] for noise-degraded speech (Fig. 3D) , replicating prior studies showing that brainstem responses during SIN processing predict cortical responses further upstream (34, 37, 40) . Additionally, FFR latency predicted P2 (r = 0.40, P = 0.0346) and N1-P2 amplitudes (r = 0.45, P = 0.0151) (Fig. 3E) ; that is, more sluggish neural encoding in the brainstem was linked with larger cortical activity in response to speech, as observed in lower PROMS scorers (compare Fig. 3 E and C) . These correspondences were not observed for clean speech (all Ps > 0.05), suggesting that brainstem-cortical relationships are most apparent under more taxing listening conditions (37). We did not observe correlations between neural measures (FFR and ERP) and behavioral QuickSIN scores (all Ps > 0.05), but this result might be expected given that FFRs and ERPs were recorded under passive listening conditions. Previous neuroimaging studies suggest that formal musical training enhances the behavioral and neural encoding of speech (10, 14, (18) (19) (20) (40) (41) (42) , and the majority of studies reporting musician advantages in auditory neural processing have employed the identical FFR methodology used here. An interesting question that emerges from our data, then, is how the neurophysiological enhancements we observe in highly adept nonmusicians (i.e., high PROMS scorers) compare with those reported in actual trained musicians. To address this question, we compared speech FFRs and ERPs from our high PROMS scorers with previously published data from formally trained musicians obtained using identical speech stimuli (40) (parallel data in noise were not available). Despite enhanced auditory function in high vs. low PROMS scorers, musicians with ∼10 y of formal training (40) exhibited larger speech FFRs than all the nonmusicians in the current sample [one-tailed t(24) = 1.89, P = 0.03] as well as the high [t(24) = 1.76, P = 0.04] and low [t(24) = 1.61, P = 0.05] PROMS groups separately (Fig. 2E) . In contrast, cortical ERP amplitudes did not differ between nonmusicians with high PROMS scores and actual musicians [t(24) = −0.52, P = 0.31]. However, musicians' responses were smaller than those of low PROMS scorers [t(24) = −1.96, P = 0.03] (Fig. 3C) , paralleling the effects observed in some cross-sectional studies comparing musicians and nonmusicians (14) . Additional contrasts between QuickSIN scores in our PROMS nonmusician cohorts and those of actual musicians revealed that trained individuals outperformed all nonmusicians behaviorally regardless of the nonmusicians' musicality [t(26) = 2.75, P = 0.011] (SI Appendix, SI Text). Replicating prior cross-sectional studies (39, 42) , musicians' SIN reception thresholds were ∼1.5-2 dB lower (i.e., better) than the two PROMS groups, who did not differ [t(26) = 1.27, P = 0.22] (SI Appendix, Fig. S2 ). Collectively, our findings imply that (i) individuals with highly adept, intrinsic auditory skills but no formal training have enhanced (musician-like) neural processing of speech, but (ii) formal musicianship might provide an additional, (40) still exhibit larger FFRs than nonmusicians, regardless of the nonmusicians' inherent musicality (musician data were not available for noise). (F) FFR latency is earlier in high vs. low PROMS scorers. (G) GLME regression relating brain and behavioral measures (aggregating all clean/noise responses; n = 56). Individuals with higher levels of intrinsic neural noise are less musical (i.e., have lower PROMS scores). The solid line shows the regression fit; dotted lines indicate the 95% CI interval. Error bars = ±1 SEM; *P < 0.05, **P < 0.01, n.s. = nonsignificant.
experience-dependent "boost" on top of preexisting differences in auditory brain function.
Discussion
By recording neuroelectric brain responses in highly skilled listeners who lack formal musical training, we provide strong evidence that inherent auditory system function, in the absence of experience, is associated with enhanced neural encoding of speech and auditory perceptual advantages. Our study explicitly shows that certain individuals have musician-like auditory neural function, as has been conventionally indexed via speech FFRs. More broadly, these findings challenge assumptions that the neuroplasticity associated with musical training and speech processing is solely experience-driven (cf. refs. 2, 3, and 18 ). Importantly, we do not claim that our study negates the possibility that actual musical training can confer experience-dependent auditory plasticity (e.g., refs. 16 and 43-46). Rather, our data argue that preexisting factors may play a larger role in putative links between musical experience and enhanced speech processing than conventionally thought.
Neurological differences among intrinsically skilled listeners were particularly evident in speech FFRs, which showed individuals with higher musicality scores had faster and more robust neural responses to the voice pitch (F0) and timbre (harmonics) cues of speech, even amid interfering noise. In fact, the advantages we find here in nonmusician musical sleepers are remarkably similar to those reported in trained musicians, who similarly show enhanced neural encoding and behavioral recognition of clean and noisedegraded speech (10, 12, 19, 41) . Additionally, we found greater neural noise was associated with poorer auditory skills (i.e., lower musicality scores). Neural noise has been interpreted as reflecting the variability in how sensory information is translated across the brain (47) . Insomuch as lesser noise reflects a greater efficiency in auditory processing and perception (34, 35) , the higher-quality neural representations we find among high PROMS scorers may allow more veridical readout of signal identity and thus account for their superior behavioral abilities. Our data are also consistent with recent fMRI findings demonstrating that the strength of (passively measured) resting-state connectivity between auditory and motor brain regions before training is related to better musical proficiency in short-term instrumental learning (43) . These findings, along with current EEG data, suggest that intrinsic differences in neural function may predict outcomes in a variety of auditory contexts, from understanding someone at the cocktail party, where pitch and timbre cues are vital for understanding a noise-degraded talker (10, 39, 48) , to success in music-training programs (43) .
One interesting finding was that variations in the neural encoding of speech were better explained by certain perceptual domains (i.e., PROMS subtest scores). Among perceptual subtests, FFR spectral measures were best predicted by tuning scores, whereas accent perception was best predicted by FFR latency measures. The tuning subtest requires detection of a subtle pitch manipulation (<1/2 semitone) within a musical chord (30) . Given that FFRs reflect the neural integrity of stimulus properties, higher-fidelity FFR responses (i.e., increased F0 amplitudes, decreased noise, faster latencies) may allow finer discrimination of acoustic details at the behavioral level and account for the superior auditory perceptual skills we find in our individuals with high PROMS scores. In this regard, our data here in musical sleepers aligns closely with recent findings by Nan et al. (16) , who showed that short-term musical training enhances the neural processing of pitch and improves speech perception in children following short-term music lessons.
Neurophysiological measures revealed that group differences in speech processing were more apparent in FFRs than in ERP responses. This opposite pattern of effects across neural measures (i.e., larger FFRs and reduced ERPs; compare Fig. 2E with Fig. 3C ) is reminiscent of both animal (49) and human (14, 40, 50) electrophysiological studies which show that, even for the same task, neuroplastic changes in brainstem (e.g., FFR) receptive fields tend in the opposite direction of changes in auditory cortex (e.g., ERPs). For a discussion on the neural generators of the FFR, see SI Appendix, SI Discussion. Regardless of where our scalp responses are generated, we can still conclude that among people without formal musical training, certain individuals' brains produce phase-locked neural responses that better capture the acoustic information in speech.
Despite parallels in ERPs between high-scoring PROMS listeners and trained musicians, it is possible that cortical and/or behavioral differences in speech processing emerge only (i) after strong experiential plasticity rather than subtle innate function or (ii) online during tasks requiring top-down processing and/or attention. Indeed, we found behavioral QuickSIN enhancements in musicians but not in musical sleepers (SI Appendix, Fig. S2 ). This suggests that stronger, more protracted experiences might be needed to observe plasticity at later stages of the auditory system and to transfer the effects to speech perception. Structural and functional neuroimaging studies have revealed striking differences in musicians at the cortical level which are predictive of musical and language abilities (e.g., refs. 2, 43, and 51). Thus, musicianship might tune language-related networks of the brain more broadly, beyond those core auditory sensory responses indexed by our FFRs and ERPs. Full-brain imaging of musical sleepers would be a logical next step to further explore the relationship between innate listening abilities and cortical function. Presumably, musical sleepers might show more pervasive cortical differences outside the auditory system as evaluated here. In any case, our data reinforce the fact that neuroplasticity is not an all-or-nothing phenomenon and that it manifests in different gradations at lower (brainstem) vs. higher (cortical/behavioral) levels of the auditory system (14, 40) in accordance with a listener's experience.
It is well established that cortical responses are heavily modulated by attention, and the neuroplastic benefits of musical training are consistently stronger under active than under passive listening tasks (52, 53) . Because our study utilized a passive listening paradigm, it is perhaps unsurprising that we failed to find group differences in neural N1-P2 amplitudes among high-and low-musicality individuals if cortical ERP enhancements emerge mainly under states of goal-directed attention (13, 14) . Paralleling the ERP data, we similarly found that PROMS groups did not differ in behavioral QuickSIN scores, in contrast to the SIN benefits observed in trained musicians (SI Appendix, Fig. S2) (10, 39, 42) . One interpretation of these data is that the QuickSIN and ERPs are not sensitive enough to detect the finer individual differences in speech processing among nonmusicians as revealed by FFRs, a putative marker of subcortical processing (7) . Indeed, direct comparisons between each class of speech-evoked responses show not only that they are functionally distinct (14, 40) but also that FFRs are more stable than cortical ERPs both within and between listeners (54). The lower variability of brainstem FFRs may offer a better reflection of innate, hardwired processes of audition (55) than the cortex (e.g., ERPs, behavior), which are more malleable and heavily influenced by subject state, attention, and task demands.
While our data provide evidence that natural propensities in auditory skills might account for certain de novo enhancements in the brain's speech processing, provocatively, they also show that formally trained musicians (40) have an additional boost in neurobehavioral function, even beyond those auditory systems deemed inherently superior. These results are consistent with randomized control studies of music-enrichment programs that report treatment effects following 1-2 y of music training (16, 20, 46) . Thus, longitudinal studies still provide compelling evidence for brain plasticity associated with musical training (16, (43) (44) (45) (46) . However, an aspect that remains relatively uncontrolled in previous studies is possible placebo effects. Reminiscent of recent revelations in the cognitive brain-training literature (56) , individuals may enter into (music) training expecting to receive benefits, in which case perceptualcognitive gains may be partially epiphenomenal. Additionally, individuals with undetected superiorities in listening abilities may remain more engaged or motivated in music-training programs, an aspect that may confound outcomes of longitudinal studies.
Still, it is possible that our groups differed on some other environmental factor rather than inherent auditory perceptual skills per se. For example, high-scoring PROMS listeners may differ in their early exposure to music (21) , daily recreational music listening, perceptual investment with music, or other types of perceptual-cognitive skills not assessed by the PROMS, which tests only receptive capabilities. However, we note that participants reported minimal to no musical abilities and did not possess absolute (perfect) pitch. Importantly, groups were matched on these self-report measures. While our participants did not personally regard themselves as musical before this study, their perceptual scores and neural responses indicate otherwise. Still, it remains to be seen if the musician-like auditory function observed here is present in certain individuals from birth or emerges over a more protracted time course during normal auditory development. Our data also leave open the possibility that listeners scoring better on the PROMS have more experience or investment in perceptual engagement with music, making it difficult to tease apart whether the effects are truly predispositions or perhaps are partially experience-based. However, animal studies show that passive listening is insufficient to induce auditory neuroplasticity (57), making it unlikely that recreational or informal exposure drives the enhancements in high-scoring PROMS listeners. While the origin of neural differences among musical sleepers is an interesting avenue for future work, we argue that the mere identification of such individuals highlights two more important points: (i) inherent perceptual abilities differentiate people previously considered to be homogenous nonmusicians, producing responses that mirror those attributed to formal music training; and (ii) the need to consider preexisting factors before claiming that music or other learning activities engender neuroplastic benefit (cf. ref. 56 ).
In conclusion, our findings reveal that individuals with highly adept listening skills but no formal music training (i.e., musical sleepers) have better auditory system function in the form of more robust and temporally precise neural encoding of speech. These effects closely mirror the experience-dependent plasticity reported in seminal studies on trained musicians. From a nature-vs.-nurture perspective, our study suggests that nature (i.e., preexisting differences in auditory brain function) constrains neurobiological and behavioral responses so that individuals with higher-fidelity auditory neural representations also tend to be better perceptual listeners. Nevertheless, the experience-dependent effects of training seem to "nurture" neurobiological function and provide an additional layer of gain to the sensory processing of communicative signals. Most importantly, our results emphasize the critical need to document a priori listening skills before assessing music's effects on speech/ hearing abilities and claiming experience-or training-related effects.
Materials and Methods

PROMS Musicality Test.
We assessed receptive musicality objectively using the brief version of the PROMS (30) . See SI Appendix, SI Text and refs. 30 and 58 for additional information regarding internal consistency, reliability, and validation of the PROMS. The test battery consists of four subtests tapping listening skills in the domains of melody, tuning, accent, and tempo perception. Each subtest contains 18 trials. Listeners heard two identical sound clips and then were asked if a third probe clip was the same as or different from the previous two. Scores for each subtest were calculated based on accuracy and confidence ratings (i.e., two points were given for correctly reporting "definitely the same" or "definitely different," one point was given for "probably the same" or "probably different," and no points were given for "I don't know" or an incorrect answer). The total PROMS score reflects the combined sum of all subtest scores. A median split of the total score divided participants into two groups (i.e., high-scoring and low-scoring PROMS groups; see Fig. 1 ).
Participants. Twenty-eight young adults (age: 22.2 ± 3.1 y, 23 females) participated in the main experiment. This sample size was determined a priori to match those of comparable studies on musical training and auditory plasticity that have shown effects between musicians and nonmusicians (10, 14, 15, 40) . All spoke American English as their first language with no prior tone-language experience and were identified as right-handed according to the Edinburgh Handedness Survey (59) . All participants were screened for a history of neuropsychiatric disorders. Formal musical training is thought to enhance the neural encoding of speech (14, 18-20, 40, 41) , particularly in noise (10, 42) . Hence, all participants were required to have minimal formal musical training (i.e., <3 y) and no musical training within the past 5 y. Critically, groups did not differ in their years of formal musical training [high-scoring group = 0.57 ± 0.63 y, low-scoring group = 0.79 ± 0.97 y; t(26) = −0.69, P = 0.50]. On a seven-point Likert scale (ranging from 0 = no ability to 7 = professional/perfect ability), both groups self-reported minimal music ability [high-scoring group = 1.6 ± 1.5, low-scoring group = 1.1 ± 1.2; t(26) = 1.11, P = 0.28], ability to read music [high-scoring group = 0.9 ± 1.3, low-scoring group = 0.4 ± 0.5; t(26) = 1.37, P = 0.18], and ability to transcribe a simple melody given a starting pitch [highscoring group = 0.6 ± 1.3, low-scoring group = 0.3 ± 0.8; t(26) = 0.85, P = 0.40]. Additionally, none reported having absolute (perfect) pitch, i.e., the ability to name a note by ear without an external reference tone.
Audiometry confirmed normal hearing in all listeners (i.e., thresholds <25 dB hearing loss, 250-4,000 Hz). Groups were also matched in age [highscoring group = 23.2 ± 3.6 y, low-scoring group = 21.2 ± 2.3 y; t(26) = 1.73, P = 0.10], socioeconomic status [scored based on highest level of parental education from 1 (high school without diploma or GED) to 6 (doctoral degree): high-scoring group = 4.5 ± 1.4, low-scoring group = 4.1 ± 1.0; t(26) = 0.93, P = 0.49], formal education [high-scoring group = 16.4 ± 2.7, low-scoring group = 15.6 ± 2.4; t(26) = 0.73, P = 0.48], and handedness laterality (59) [high-scoring group = 85.7 ± 21.1, low-scoring group = 85.6 ± 2.8; t(26) = 0.02, P = 0.986]. Gender was marginally unbalanced between groups (Fisher's exact test, P = 0.041) and was used as a covariate in subsequent analyses. The University of Memphis Institutional Review Board (IRB) approved all experiments involving human subjects in this study. Participants gave written informed consent in compliance with IRB protocol no. 2370.
Stimuli. We used a synthetic, 100-ms speech sound (/a/) with an F0 of 100 Hz previously shown to elicit robust group differences in FFRs and ERPs among experienced musicians (40) . Following previous studies (10, 19, 20) , there was no task during EEG recordings, and participants watched a self-selected movie as they passively listened to speech sounds. In addition to "clean" tokens [signal-tonoise ratio (SNR) = ∞ dB], speech was presented in background noise since musician's speech enhancements are usually observed under acoustically taxing conditions (10, 39) . Noise-degraded speech was created by overlaying continuous, non-time-locked multitalker babble to the clean token at a +10 dB SNR (10) . Speech sounds were presented in alternating polarity accordingly to a clustered sequence, with interlaced interstimulus intervals (ISIs) that were optimized for recording both brainstem (ISI = 150 ms; 2,000 trials) and cortical potentials (ISI = 1,500 ms; 200 trials) while minimizing response adaptation (60) . Stimulus presentation was controlled by MATLAB 2013b (MathWorks) routed to a TDT RP2 interface (Tucker-Davis Technologies). Tokens were delivered binaurally at an 83-dB sound-pressure level (SPL) through shielded ER-2 earphones (Etymotic Research). Clean and noise blocks were randomized across participants.
Behavioral SIN Task. We measured listeners' speech-reception thresholds in noise using the QuickSIN test (33) . Participants were presented six sentences with five key words embedded in four-talker babble noise. Sentences were presented at a 70-dB SPL at decreasing SNRs (steps of −5 dB) from 25 dB (very easy) to 0 dB (very difficult). Listeners scored one point for each correctly repeated keyword. SNR loss (in decibels) was determined as the SNR for 50% criterion performance. EEG Recordings. Neuroelectric activity was recorded differentially between Ag/AgCl disk electrodes placed on the scalp at the high forehead (∼Fpz) referenced to linked mastoids (A1/A2; mid-forehead = ground). This montage is optimal for simultaneously recording brainstem and cortical auditory responses (14, 40, 60) . Electrode impedance was kept ≤3 kΩ. EEGs were digitized at 10 kHz (SynAmps RT amplifiers; Compumedics Neuroscan) using an online passband of 4,000 Hz DC. EEGs were then epoched (FFR: −40 to 200 ms; ERP: −100 to 600 ms), baselined, and averaged in the time domain to derive FFRs/ERPs for each condition. Sweeps exceeding ±50 μV were rejected as artifacts. Responses were then filtered into high-and low-frequency bands to isolate FFRs (85-2,500 Hz) and ERPs (3-25 Hz) (14, 40, 41) . FFR analysis. We computed the FFT to measure the F0 or voice pitch coding of each FFR waveform (10, 11) . Similarly, timbre encoding was quantified by measuring the mean amplitude of the second through fifth harmonics (H2-H5) (10, 11) . Neural noise was calculated as the mean rms amplitude of the prestimulus (−40 to 0 ms) and poststimulus (135-200 ms) intervals, respectively (34, 35, 47, 50 ) (see Fig. 2A ). FFR latency was measured as the maximum cross-correlation between the stimulus and FFR waveforms between 6-12 ms, the expected onset latency of brainstem responses (7, 8, 14) . ERP analysis. We measured the overall magnitude of the N1-P2 complex, reflecting the early registration of sound in cerebral cortex, as the voltage difference between the two individual waves (14) . Individual latencies were measured as the N1 between 80 and 120 ms and P2 between 130 and 180 ms (40) .
Statistics. Individual t tests assessed group differences across various demographic data, PROMS total and subtest scores, and QuickSIN scores. Identical conclusions were obtained with parametric and nonparametric tests for variables that were nonnormally distributed. Unless otherwise noted, we used two-way, mixed-model ANOVAs (group × noise level with subjects as a random factor; SAS9.4, GLIMMIX) with gender as a covariate to analyze all neural data. However, gender was not a significant covariate in any of our analyses. Effect sizes for omnibus ANOVAs are reported as Cohen's d. Spearman's rho assessed brain-brain correlations between FFR and ERP measures. Conditional studentized residuals confirmed the absence of influential outliers.
GLMEs evaluated relations between behavioral (PROMS musicality scores) and neural responses (FFRs). Subjects were modeled as a random factor nested within group in the regression to model both random intercepts (per subject) and slopes (per group) [e.g., PROMS ∼ FFR FO + (subjgroup)].
Both FFR neural noise and F0 amplitudes were evaluated as neural predictors of listeners' auditory perceptual abilities (PROMS scores). In addition to total scores, we assessed relations between subtest scores (i.e., melody, tuning, accent, tempo) and speech FFRs to determine which aspects of auditory perception (i.e., timing, spectral discrimination, and others) were best predicted by physiological responses. Best predictors were determined as the models minimizing AIC. GLME regressions and visualization were achieved using the fitglme and fitlm functions in MATLAB, respectively.
